WaaA is a key enzyme in the biosynthesis of LPS, a critical component of the outer envelope of Gram-negative bacteria. Embedded in the cytoplasmic face of the inner membrane, WaaA catalyzes the transfer of 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) to the lipid A precursor of LPS. Here we present crystal structures of the free and CMP-bound forms of WaaA from Aquifex aeolicus, an ancient Gram-negative hyperthermophile. These structures reveal details of the CMP-binding site and implicate a unique sequence motif (GGS/TX 5 GXNXLE) in Kdo binding. In addition, a cluster of highly conserved amino acid residues was identified which represents the potential membrane-attachment and acceptor-substrate binding site of WaaA. A series of site-directed mutagenesis experiments revealed critical roles for glycine 30 and glutamate 31 in Kdo transfer. Our results provide the structural basis of a critical reaction in LPS biosynthesis and allowed the development of a detailed model of the catalytic mechanism of WaaA.
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endotoxin | GT-B | GT-30 | monotopic membrane protein G ram-negative bacteria possess an asymmetrically organized outer membrane that is composed of various glycerophospholipids in the inner leaflet and nearly exclusively of LPS in the outer leaflet. LPS is a critical component of the outer envelope, essential for viability and growth of a majority of Gramnegative bacteria. It serves as a permeability barrier, protecting the bacterial cell from potentially lethal small molecules and antimicrobials. Endotoxically active forms of LPS participate in a diverse spectrum of pathological and physiological activities associated with the human host's immune response (1) .
LPS typically consists of three covalently linked sections: the membrane-anchored lipid A, a central core oligosaccharide, and a distal O-specific polysaccharide chain (2) . Common to all LPS molecules is the presence of a strictly conserved 3-deoxy-Dmanno-oct-2-ulosonic acid (Kdo) residue in the core oligosaccharide, which links the carbohydrate portion to the lipid A (3). The ubiquitous nature of Kdo within LPS structures and its indispensable role in maintaining outer membrane integrity and viability of the majority of Gram-negative bacteria (4, 5) have led to extensive studies of its synthesis (6) (7) (8) , activation (9, 10) , and incorporation into the maturating LPS molecule. The incorporation of Kdo is catalyzed by the membrane-embedded Kdo transferase WaaA, which transfers Kdo from the donor substrate CMP-Kdo to a 4′-phosphorylated lipid A precursor at the cytoplasmic face of the inner membrane. Remarkably, Kdo transferases of different bacteria are mono-, bi-, tri-, or even tetrafunctional (2, 11) , typically consistent with the number of Kdo residues present in the LPS core oligosaccharide.
Structural studies aimed at unraveling the mechanism of Kdo transfer have not been reported so far. We recently characterized the strictly monofunctional Kdo transferase from the ancient hyperthermophilic, Gram-negative bacterium Aquifex aeolicus (WaaA AAE ) (12) , a member of the glycosyltransferase (GT) family 30 (13) . Here, we report the X-ray crystal structure of WaaA AAE in its substrate-free form and in complex with one of its products, CMP. Based on the structure, we designed several protein variants to investigate the structural basis for catalysis. These data have provided experimental support for a mechanistic model of WaaA function.
Results and Discussion
Overall Structure. The 2.0-Å crystal structure of the Kdo transferase WaaA AAE reveals that this enzyme adopts the GT superfamily B (GT-B) fold. This fold consists of two Rossmann-like domains, each composed of a core of seven parallel β-strands sandwiched by α-helices (Fig. 1A) . A structural-similarity search using the DALI server (14) identified UDP-N-acetylglucosamine-2-epimerase from Thermus thermophilus (PDB ID code 1V4V, z-score 20.7), phosphatidylinositol mannosyltransferase from Mycobacterium smegmatis (PDB ID code 2GEK, z-score 19.4) (15), MurG from Escherichia coli (PDB ID code 1NLM, z-score 17.9) (16), and WaaG from E. coli (PDB ID code 2IV7, z-score 17.2) (17) as closest homologs. The N-terminal acceptor-substrate binding domain of WaaA AAE comprises residues 1-157 and 331-352; the C-terminal donor-substrate binding domain includes residues 177-330. The two domains are joined by an extended linker (residues 158-176) between strands nβ7 and cβ1 as well as by association of the C-terminal helix cα7 (residues 331-352) with strands nβ4-nβ6 of the N-terminal domain ( Fig. 1 and Fig. S1 ). The arrangement of the two domains results in the formation of a large interdomain groove that is about 23 Å deep and 20 Å across at its widest points (Figs. 1A and 2A), reminiscent of previously described structures of GT-B members in the open conformation. The N-terminal domain contains a hydrophobic, surface-exposed patch surrounded by a horseshoe-like ribbon of basic amino acid residues, which may allow the N-terminal domain to immerse into the membrane through electrostatic and hydrophobic interactions with the phospholipids (Fig. 2 A and B) . This mode of membrane association would enable the lipid A precursor to access the active site (see below). Seeking support for this view, we used a computational approach that optimizes the spatial arrangement of protein structures in lipid bilayers, accounting for hydrophobic, hydrogen bonding, and electrostatic interactions with the anisotropic water-lipid environment (18) . This computational approach produced a membrane-binding mode for WaaA AAE that is identical to the one described above. Sequence analyses predict that many Kdo transferases contain an N-terminal transmembrane helix. Clearly, however, the N-terminus of WaaA AAE , comprising a short α (nα0) and a 3 10 helix, is an integral part of the potential acceptor-substrate binding domain (Fig. 1C) , again suggesting that membrane interaction is achieved solely by the distinctive arrangement of surface residues described above. Further details on the overall structure of WaaA AAE are provided in SI Results and Discussion.
Donor-Substrate Binding Site. The 2.4-Å structure of WaaA AAE in complex with CMP reveals that the CMP-binding site is located in the central groove between the two domains. This site is composed mainly of residues from loops cβ2-cα2 (residues 211-214), cβ4-cα3 (residues 247-250), and cβ5-cα4 (residues 272-276) of the C-terminal domain ( Fig. 1 A and B) . The cytosine moiety of the nucleotide is accommodated in a hydrophobic pocket lined by residues V210, I214, V244, F247, I249, and L250. Residues F247 and L250 sandwich the cytosine base by π-π stacking and van der Waals interactions, respectively (Fig. 1B) .
The most prominent difference between the substrate-free and CMP-bound structure is the position of the aromatic side chain of F247, which reorients in the WaaA AAE :CMP complex to shield the base from bulk solvent. An analogous reorientation has been observed for F244 in the MurG:UDP-GlcNAc complex (16) . Other notable contacts include hydrogen bonds between the cytosine N4 atom and the main-chain carbonyl of P211 and between the cytosine O2 atom and the main-chain amides of G248 and I249. The ribose hydroxyl groups form two hydrogen bonds with the carboxyl group of E276; the phosphate is engaged in three hydrogen bonds, two with the R212 side chain and one with the main-chain amide of N273 (Fig. 1B) . The substitution of E276 by alanine in WaaA AAE causes a decrease in the catalytic activity of the enzyme (Fig. 3 ), similar to observations in the corresponding E269A variant of MurG (16) .
The similarities between Kdo and N-acetylneuraminic acid (Neu5Ac, a sialic acid), both of which are used as CMP-activated sugars in glycosyl transfer and contain a carboxylated anomeric carbon, prompted us to compare the CMP-binding mode of WaaA AAE with those of the sialyltransferases that adopt the GT-B fold (19) (20) (21) (22) (23) . Superimposition of the respective C-terminal domains revealed that CMP binds to matching protein regions. Although key interactions between CMP and protein are preserved (e.g., hydrophobic residues sandwiching the cytosine base and glutamate residues contacting the ribose hydroxyl groups), the positions of the amino acid residues mediating these interactions are variable ( Fig. 4 A and B and Fig. S2 ). Strikingly, the highly conserved amino acid triplet 211 PRH 213 of WaaA AAE aligns structurally with the HP motif of sialyltransferases ( Fig. 4 A and B). It has been proposed that the histidine of the HP motif, which contacts the CMP-phosphate group (24) , stabilizes the CMP-leaving group during the glycosyl transfer reaction (20, 22, 23) . Because R212 of WaaA AAE hydrogen bonds to the CMP phosphate group in an analogous fashion, it may have a similar function. Although an equivalent arginine residue in the trifunctional Kdo transferase of Chlamydia trachomatis is crucial for the synthesis of the chlamydial family-specific LPS epitope (25) , the R212A substitution in WaaA AAE clearly affected but did not completely prevent Kdo transfer (Fig. 3) . Hence, we cannot define the function of this conserved arginine in WaaA AAE precisely. A more detailed discussion of the comparison of WaaA AAE with the sialyltransferases is provided in SI Results and Discussion. Sequence analysis reveals that loop cβ5-cα4 of WaaA AAE coincides with the conserved motif GGS/TX 5 GXNXLE ( 263 GGTFVNIGGHNLLE 276 in WaaA AAE ) that is highly specific for Kdo transferases (Fig. S3) . The position of CMP within the donor-substrate binding site suggests that residues of this motif might be involved directly in Kdo binding (Fig. 4A) . Loop regions that fold over the donor substrate have been described for a number of GTs (26) . In the GT-B sialyltransferase PM0188 (19, 23) , W270 is located at the tip of a loop and sticks into a hydrophobic pocket, as does F266 of WaaA AAE . Binding of a donor-substrate analog to PM0188 induces a reorientation of the loop that places W270 into close contact with the 3F-Neu5Ac moiety of the donor substrate (Fig. 4C) (27) from hydrolysis. Unfortunately, we did not observe a rearrangement of loop cβ5-cα4 in our CMP complex, most likely because of the absence of the Kdo moiety. However, either deletion of residues 265-269 or the substitution H272A/N273A drastically affected the ability of WaaA AAE to transfer Kdo (Fig. 3) , indicating that loop cβ5-cα4 is indeed functionally important.
Putative Acceptor-Substrate Binding Site. A striking feature of the WaaA AAE N-terminal domain is a depression that extends from the putative membrane-association site to the central groove between the two domains. Several lines of evidence suggest that this particular region may serve as the acceptor-substrate binding site for the lipid A precursor. First, residues at the base of the depression, S28, the potential general base E31 (see below), S54, L74, P75, D77, E98, E100, and W102, are highly conserved among Kdo transferases (Figs. 1C and 5A and Fig. S3 ). Second, we detected an jFoj-jFcj difference density in the putative acceptor-substrate binding site, which we interpreted as a polyethylene glycol (PEG) molecule after GLC/MS analysis of the protein stock solution. PEG molecules were found also to interact with the acceptor-binding site of the sialyltransferase from Neisseria meningitidis (22) . Third, structures of the GT-B enzymes UGT72B1 (28), OleI (29) , and UGT78G1 (30) display acceptor substrates (or analogs) bound to equivalent regions (Fig. S4) . Finally, increased tryptophan fluorescence was observed upon addition of the lipid A precursor lipid IV A to solutions of wildtype protein but not to solutions of the W102A variant ( Fig. 5B ; see SI Results and Discussion for more details), implicating W102 in acceptor-substrate binding. For large ligands like lipid IV A , multiple interactions with WaaA AAE are expected to occur, possibly explaining why the replacement of W102 by alanine had only a limited effect on WaaA AAE activity (Fig. 3 ). In agreement with this interpretation, combined alanine substitutions of amino acid residues proposed to interact with the 4′-phosphate group of the lipid A precursor substrate increasingly affected WaaA AAE activity (see below).
Taken together, our data are consistent with a mechanistic model in which membrane association of the N-terminal domain of WaaA AAE inserts the putative acceptor-substrate binding site into the lipid bilayer in an ideal position to interact with the membrane-anchored lipid A precursor. The opening of the horseshoe-like ribbon of basic residues, defined by R56, R99, and K121 (Fig. 2B) , would allow the entry of the lipid A precursor into the acceptor-substrate binding site.
Implications for the Reaction Mechanism. Substrate-induced closing of the interdomain groove of GT-B enzymes places the donor and acceptor substrates as well as catalytically important amino acid residues into close contact (16, 28, 31) . The required rigidbody motion has been attributed to rotation around pivot points located in the interdomain linker and the C-terminal regions (16, (Fig. 6A) . Kdo transfer requires a general base to deprotonate the 6′-hydroxyl group of the lipid A precursor. The strictly conserved amino acid residues E31 and E98, both part of the putative acceptor-substrate binding site and located at the interdomain groove, seem to be in a position to fulfill this function in WaaA AAE . Independent substitutions of E31 and E98 with alanine point to crucial catalytic roles for both residues (Fig. 3) but do not allow the unambiguous identification of the general base. However, structural alignment of respective N-terminal domains reveals that E31 of WaaA AAE , but not E98, aligns with the general bases of WaaC (34) (rmsd 2.9 Å for 102 aligned Cα atoms), UGT72B1 (28) (rmsd 3.1 Å for 120 aligned Cα atoms), and OleI (29) (rmsd 2.8 Å for 107 aligned Cα -atoms) (Fig. S5) . In addition, the general base of many GT-B members is preceded by a glycine (28, 29, 34, 35) , and a glycine corresponding to G30 in WaaA AAE is highly conserved across Kdo transferases (Fig. S3) . Careful inspection of the ternary enzyme-substrate complexes of UGT72B1 and OleI revealed that a side chain other than glycine preceding the general base would cause a steric clash with the donor substrate (28, 29) . We indeed found the G30A variant of WaaA AAE to be completely inactive (Fig. 3) , in agreement with this hypothesis. This result underscores the importance of the conserved glycine 30 and supports our assertion that E31 is indeed the general base (Fig. 6B) .
To be deprotonated, the 6′-hydroxyl group of the lipid A precursor must be in close proximity to E31. This orientation of the lipid A precursor with respect to the N-terminal domain would place the 4′-phosphate of the acceptor substrate in the vicinity of R56 and the highly conserved S28 and S54 (Fig. 6B) . Thus, together with the dipole of the nα1 helix (Fig. 1C) , a suitable environment for efficient binding of the 4′-phosphate exists at this position. Consistent with this model of multiple interactions, the WaaA AAE variant S28A/S54A/R56A displayed more severe catalytic defects than did the S28A/S54A variant (Fig. 3) .
With E31 acting as the general base, E98 may play a role in stabilizing the transition state by electrostatic pairing with the positively charged oxocarbenium ion-like transition state (Fig.  6B) . Such an interaction has been proposed also for E249 of the fucosyltransferase FucT of Helicobacter pylori (36) . The highly conserved linker residue K162 located in close proximity to E31 and E98 is another important residue that might facilitate further transition-state formation in WaaA AAE (Fig. 6B) . Similar roles have been proposed for R373 in influenza-B virus neuraminidase (37) and R282 in the lipooligosaccharide sialyltransferase of N. meningitidis (22) . We replaced WaaA AAE residue K162 with alanine, and, as previously observed for the R282A variant of the latter sialyltransferase, the replacement severely affected the enzymatic activity (Fig. 3) .
Recent biochemical studies on the bifunctional Kdo transferase of E. coli (WaaA ECO ) have provided experimental evidence that amino acid residues 20-30 and 91-165 of the N-terminal acceptor-substrate binding domain play a critical role in the ability of this enzyme to add two Kdo molecules to the lipid IV A acceptor substrate (38) . There is no equivalent for WaaA ECO residues 20-30 in the monofunctional WaaA AAE . WaaA ECO segment 91-165, on the other hand, corresponds to WaaA AAE region 59-121 (Fig. S3) . The acceptor-substrate promiscuity of the WaaA enzymes suggests there can be sufficient flexibility in this region of the N-terminal domain to accommodate various acceptor substrates, including Kdo-glycosylated lipid A precursors. Because residues corresponding to WaaA AAE E31, E98, and K162 are highly conserved across Kdo transferases of different functionality, these residues might perform identical functions (deprotonation of the acceptor substrate and transition-state stabilization) upon transfer of two or more Kdo residues to the acceptor molecules. However, a complete understanding of the determinants conferring different functionality to Kdo transferases awaits further investigations.
In conclusion, the determination and analysis of the WaaA AAE Kdo transferase structure suggests a plausible model for membrane association of the enzyme and, along with extensive sitedirected mutagenesis data, provides insight into the binding of the substrates CMP-Kdo and lipid A precursor. Our results provide a structural framework for future research addressing further details of the Kdo transfer reaction that holds promise for the development of unique antimicrobials targeting a critical step of LPS biosynthesis.
Materials and Methods
Recombinant Protein Production and Purification. Wild-type WaaA of A. aeolicus was overproduced and purified to homogeneity essentially as reported (12) , except that 0.1% (vol/vol) Triton X-100 in the WaaA AAE buffer was replaced by 2 mM 6-cyclohexyl-1-hexyl-β-D-maltoside (Cymal-6) in the final HiTrap Heparin-Sepharose HP purification and dialysis steps. The heparin resin was washed with at least 50 column-volumes of the Cymal-6-containing buffer before elution of WaaA AAE .
Crystallization, Data Collection, and Structure Determination. WaaA AAE was crystallized using the hanging-drop vapor-diffusion technique by mixing equal volumes of protein stock solution and reservoir [100 mM Tris·HCl (pH 8.5), 35-40% (vol/vol) PEG 400, 200 mM Na-citrate, 50 mM β-mercaptoethanol]. Crystal growth at 19°C took up to 2 wk. Crystals of WaaA AAE in complex with CMP were obtained by soaking crystals in 100 mM Tris·HCl (pH 8.5), 36% (vol/vol) PEG 400, 200 mM Na-citrate, and 10 mM CMP for 4 d. X-ray diffraction data were collected at Berlin Electron Storage Ring Society for Synchrotron Radiation II (BESSY) (Berlin, Germany), Deutsches Elektronen-Synchrotron (DESY) (Hamburg, Germany), and MAX-lab National Laboratory for Synchrotron Radiation (Lund, Sweden). The structure was determined using a single isomorphous replacement with anomalous scattering (SIRAS) approach. Details of methods used for crystallization, data collection, structure determination and refinement are provided in SI Materials and Methods. Refinement statistics are summarized in Table S1 .
Figures were made with PyMOL (Schrödinger LLC).
Mutagenesis. Amino acid substitutions in WaaA AAE and construction of the WaaA Δ265-269 deletion variant were performed as detailed in SI Materials and Methods. Primers used for site-directed mutagenesis are listed in Table  S2 . The conditions used to purify the WaaA AAE variants were basically as described for the wild-type protein (12) , except that the final detergentreplacement step was omitted, and the temperature of the heating step was reduced to 70°C during purification of WaaA AAE W102A.
Analysis of WaaA AAE Activity. The WaaA AAE -catalyzed transfer of Kdo from CMP-Kdo to the synthetic tetraacyl-1,4′-bisphosphate lipid A precursor 406 was assayed as previously reported (12) . To identify catalytically important residues, each WaaA AAE variant was assayed at 60°C for 1, 2, 4, 8, and 16 min. The reaction products were analyzed by electrospray-ionization Fourier-transformed ion cyclotron mass spectrometry in the negative ion mode using a hybrid Apex Qe Instrument (Bruker Daltonics) equipped with a 7-Tesla actively shielded magnet. Details on sample preparation for MS analysis have been reported (12, 39) . Compound 406 has been synthesized as described previously (40) . To obtain the percentage of conversion at different time points provided in Fig. 3 , the absolute intensity value of the Kdo-Compound 406 peak was divided by the sum of the absolute intensity values of the Kdo-Compound 406 and the Compound 406 peaks. 
